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Abstract

v+x rsis ) -

 The primary objective of th{g)study is to correlate computed ﬁg}h
theoretical data with experimental data for wings in ground effect. ,.:.
SLenCE Predran - — E'-‘,'-,‘

This investigation uses the PAN%%R)h\gher-order panel method to predict Lo

the 1ift and drag characteristics of an aspect ratio two wing, with

and without endplates, operating at low speed in ground effect. The

effects of altitude, trailing edge flap deflection and angle of attack K |
are considered. Numerical results are compared with subsonic wind S
tunnel experimental data. For both the numerical and experimental gf?%

methods, the image model technique is used to simulate ground effect.
Excellent agreement between numerical results and experimental data
is achieved for the wing without endplates down to low (approximately 10

ten‘pereeﬁf'of wing chord) altitudes. For the wing with endplates,

numerical results are in good agreem§n; @jthciﬁé>experimental data for
altitudes greater than approximatelyiﬁweﬁé;—percent'of the wing chord.
PANAIR results diverged from experimental data at Tower altitudes ff«1
because the model did not attempt to account for spanwise flow between
the bottom of the endplate and the ground, and other viscous effects -
which tend to become dominant. These include a static pressure increase T
beneath the wing and wake distortions behind the conf1gurat1on
] ) ] N Ty rooos
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AERODYNAMIC PERFORMANCE OF A
WING IN GROUND EFFECT USING
THE PANAIR PROGRAM

I. Introduction

This investigation attempted to determine the inviscid theory
1imits of PANAIR by correlating numerical 1ift and drag results of an

aspect ratio two wing with experimental data. PANAIR (1) is a higher-

order paneling program designed to predict flows about arbitrary
configurations.

The wing configuration selected for modeling is based on the
availability of experimental data for which a comparison can be made
with theory. A wind tunnel examination of the effects of various wing
endplate and camber changes on the aerodynamic characteristics of low
aspect ratio wings in ground effect (2) is used as the basis for the
experimental portion of the investigation. ;#;4

Figure 1 illustrates the wing-in-ground effect (WIG) configuration R
modeled. The WIG model consists of an 11.7 percent thick, constant
section, aspect ratio 2.0, rectangular planform wing with endplates .
and a trailing edge flap hinged at the 75 percent wing chord position. iifﬁ
Figure 2 shows the relative heights above the ground where the PANAIR i
1ift coefficient and 1ift/drag ratio computations are made. The ;:—1
~altitude parameter, h/Vs, is measured as a fraction of the wing chord.

Additional calculations are made with and without the endplate at

T

h/Vs = 3.0 and 5.0 to obtain out of ground effect reference data.
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Several parameters are varied during the course of the study. The T
parameter variations are dictated by the variations made in the wind
tunnel investigation. Parameter variations examined are angle of -
attack, flap deflection, altitude, and endplate presence or absence. AR
Additionally, several computations are made with and without the end- o
plate for different aspect ratio wings to compare the computed 1ift
curve slope with the experimental slope.

The PANAIR production code is used in the computation of the WIG
1ift and drag characteristics since recent Flight Dynamics Laboratory

experience with the code (3) indicated that this method might have the

versatility to handle the WIG aerodynamic prediction problem. It was ;;j
expected that the inviscid theory used in PANAIR would not give
accurate results when viscous effects on the WIG configuration were
significant. i;;
The results obtained through this investigation indicate that s
PANAIR can be used without WIG model modifications for aerodynamic
characteristic predictions dependent on the specific configuration. S;
Endplate and flap deflection numerical results indicate that modifi-
cations have to be made to the WIG model to incorporate viscous effects
encountered when flaps and endplates are used. For the aspect ratio
two wing without endplates, the results show good data correlation
between theory and experiment down to an h/vs value of 0.04. The
addition of endplates significantly affects the 1ift coefficient and
1ift/drag (L/D) ratio data correlation between PANAIR and experimental
data. PANAIR satisfactorily predicts L/D values down to h/v¥s = .08 at

zero degrees angle of attack. As the angle of attack is increased, the r

...............................
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PANAIR method underpredicts L/D improvement near the ground by as
much as 33 percent at four degrees angle of attack. This level of
error is unacceptable for performance estimation purposes.

Results with a trailing edge flap deflection follow similar

trends to the results obtained for the basic wing with endplates. Lift

and L/D calculations are significantly Tower as the ground is

approached than the experimental values. Also, for the flap deflec-

i: tion cases at h/v¥s = 0.32, the highest ground effect altitude at which

calculations are made, L/D predictions show considerably more error

than similar h/Vs cases without a flap deflection.

i: Analysis of these results indicates that WIG analytical model
modifications must be made to account for the viscous effects encount-

ered at very low altitudes. Modeling modifications to incorporate

wake distortion and endplate vortices are not examined during this
initial investigation, but should be considered in any follow-on

efforts.
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1. WIG Theory i

The aerodynamic characteristics of wings operating at very low ff%f
altitudes has long interested investigators in search of efficient éié;i
modes of travel. A wing is considered to be in "ground effect” when &igﬁ

it is operating at altitudes on the order of its chord length (4). .
Unfortunately, the development of WIG vehicle concepts requires the

solution of some very difficult engineering problems. The majority of

investigations conducted on the aerodynamic characteristics of wings
operating in ground effect are related primarily to take-off and

landing of conventional aircraft. However, some studies have been
directed towards development of dedicated WIG air vehicle concepts.

The development of an accurate procedure for theoretically predicting
the aerodynamic forces on 1ifting surfaces operating near the ground

‘A; would be very useful in designing WIG-type vehicles.
A wing operating at ground effect altitudes experiences an increase

in aerodynamic 1ift and reduced drag, and hence a higher 1ift/drag ratio

than an out-of-ground effect (OGE) wing. The basic principles involved
can be explained by using the concept of a "mirror image" wing which is
a reflection of the real wing in the ground plane. The wing and its

image can be replaced by distributions of sources and vortices. The —
sources representing the displacement flow of the image wing produce :
an upwash over the front part of the physical wing and a downwash over
the rear part of the wing. To counteract this, a vortex distribution Tj%
is required which alters the effective camber of the wing. The ;Ekf
effective camber is increased because of the circulation around the image

wing, and is equivalent to an increase in effective angle of attack. RO




LN
AR

The trailing vortices of a wing of finite span are also reflected
in the ground plane. These image vortices induce an upwash at the
physical wing so that the induced angle of attack is feduced as com-
pared to the free stream condition, reducing the induced drag. Jones

(5) shows that the reduction in induced drag due to ground effect is:

2
ADni = VLZ
ngb (1)

where @ is Prandtl's interference factor and depends on the distance
between the real and image wings.

Figure 3 shows the angles involved. When a wing is flying at the
same geometric angle of attack, near the ground the induced angle of
attack is less and the effective angle is greater. The 1ift is
greater and the drag is less, causing an increase in the 1ift/drag
(L/D) ratio.

An additional improvement in L/D is possible by the use of end-
plates on WIG configurations (6). In most WIG applications, the end-
plates serve two functions: the containment of a high pressure air
"bubble”" under the wing and air vehicle support at static and lTow
forward speed conditions, allowing greater clearance heights between
the aircraft structure and the ground.

Early investigators in the WIG field of study (7, 8) developed
theories and attempted to show correlation between theory and wind
tunnel data. Other contributors since then have expanded and increased

the amount of knowledge in this area, but precise correlation between
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experiment and theory was not completely achieved. Computational T
paneling methods have the potential to, if not completely solve the }{?{

)

—
]
[

L P

WIG aerodynamic prediction problem, at least extend the limits to

which inviscid flow theory can be used.

A
A

.

g
o
.
T
:

PR T
--------------
...........




L Vil T R T i N A SR AE deab s SrL Grrae arey e
. ~ LN N .

A A A R S R AN /R S A S i R i i - Sl -’ Sl 8 T
RS

g
v I

}-‘:‘1"

et

.

III. PANAIR Method

PANAIR is a higher-order paneling method which solves the Prandtl- )

Glauert equation for incompressible flows in both the subsonic and

IR

supersonic flow regimes: ésg
e + o0 »
BOxx + Qyy + $22 = 0 (2) St
The solution is obtained numerically by approximating the con- }ifé
figuration surface with a set of quadrilateral panels on which unknown :ﬁf:
singularity strengths are defined. Each panel is defined by its four .;g
E corner points, with each point's x, y and z coordinates given in the iﬁ?;
o same arbitrary coordinate system. A network consists of a grid of g&::
? panel corner points, and does not need to 1ie in a plane. Source and Eéai
2 doublet distributions are defined on the surface for each network. The ;;gﬁ
source and doublet distributions can be of the "null", "analysis” or ;:;:
"design" type. A "null" type distribution means the singularity iiﬁ:
distribution is zero over the entire network. An "analysis" singularity iii?
distribution (used in this WIG investigation) uses the zero normal mass :::;

flux boundary condition for a modeled configuration surface. Figure 4 o

shows the possible source and doublet locations for an "analysis"

singularity distribution. A "design" distribution is used when the ;:73
boundary conditions correspond to specifying a pressure distribution ;éln

on the surface. Wake networks generally use only doublet distributions R
to model a wake surface and are usually attached to the trailing edge =

of a 1ifting surface.
For all of the networks, boundary conditions are imposed at a

discrete set of points (control points), thereby generating a system of Ear
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linear equations relating the singularity strengths to the boundary %;ﬁ;
conditions. Control points are located at either the panel center, ziié
near the midpoint of a panel edge if it lies on a network edge, or ?fi
near a panel corner that lies on a network edge. For "analysis" net- éig;
works, source distributions are located only at panel centers. Doublet figi

distributions are located at panel centers and along network edges as
necessary, depending on control point location. Doublets are required

at network edges because of the quadratic variation of the doublet

strength approximation. A quadratic variation causes rapid changes in
doublet strength. Extrapolating the doublet s.-ength from the interior
of the network to the edges would not be advisable because of these
rapid changes. Since the source strength is only linear, similar
problems do not occur in the source distribution. Once the source and
doublet strengths are numerically established, the properties of the
flow are determined.

Higher-order panel methods, such as PANAIR, have emerged in recent
years as a response to limitations uncovered in earlier, low order

methods. In the lower order panel methods, the singularity strengths

were generally constant, or varied only in one direction, over each
panel. This resulted in discontinuities in singularity strengths :7*
between panels which made the sensitivity of the solution dependent on
panel spacing or density. The solution sensitivity made successful

lower order computations dependent on the skill of the individual user.

et
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LR R I P
PPN P
[ARARS e

These sensitivities to paneling density and distribution have been
largely overcome with PANAIR in which singularity strengths vary in a B
more continuous manner over the panels. As previously noted, PANAIR i? ™

’ ". {' ..
y "-. ‘v . .i
LN,

oo
Ps
[

e e e
P PR
FAFRRRVEN I I e

PR PRt
Lt o ’
R A A
_ —



S A I I A BRI I R ACE I A R i A AR A e A B SRR S S e St S Al G i i Nl D - RS AR JE S R RN
! N -

....... v,

uses a linear source variation and a quadratic doublet variation. A
3;}: doublet distribution whose order is one higher than that of the source
distribution is the next higher order approximation to use above con-
stant source and doublet strengths. A higher order doublet distribution
also provides a continuous doublet distribution. A detailed discussion
of the justifications for the higher order approximation is given in (1).
F1ight Dynamics Laboratory out-of-ground effect aerodynamic

predictions (3, 7, 8) on a variety of complex aircraft configurations,

using PANAIR, have produced excellent theory to experiment correlations.
[~ ‘owever, applicability of the potential flow PANAIR code to WIG aero-

E dynamic prediction may be more restrictive because viscous flow effects

tend to dominate WIG aerodynamic force generation. This is particularly

true at extremely low altitudes, when the wing endplate and ground for

a narrow slot through which spanwise flow, produced by high pressure air

under the wing, must pass.




IV. Problem Definition

The specific area of interest for this investigation is modeling
a low aspect ratio wing with endplates operating in ground effect, and
determining the limitations of the PANAIR inviscid flow solution in
predicting the aerodynamic characteristics of this configuration. This
study is intended to be an initial examination of this configuration.
The results of this investigation indicate where difficulties still
remain in applying PANAIR to WIG configurations. These problems must
be addressed in future applications in order to accurately predict the

aerodynamic characteristics of WIG vehicles.

Configuration Modeling

The numerical models used in this study simulated low aspect ratio
wings with an 11.7 percent thick Clark Y airfoil section. The wing
planforms are rectanguiar with aspect ratios of 1.0, 2.0 and 4.0. Flap
deflections of 0.0, 5.0 and 15.0 degrees are used during the course of
the computations. Three angles of attack are run: 0.0, 2.0 and 4.0
degrees. The specific configurations examined are tabulated in the
appendix. The central configuration studies is an aspect ratio two
wing with a flap and endplate.

Table I shows the airfoil station coordinates for an 11.7 percent
thick Clark Y airfoil. Additional stations are necessary in order to
properly model the airfoil. To obtain the additional points, the
coordinates of the given stations up to the 10 percent chord point are
plotted and the leading edge profile then added. The additional points

are interpolated graphically from the profile. The extra station




------------------------------

TABLE I
Clark Y Airfoil Coordinates (Percent of Wing Chord)
Station Upper Lower
0.0 3.50 3.50
0.0 * 3.60 3.40
0.2 * 4.15 2.75
0.625 * 4.80 2.50
1.25 5.45 1.93
2.50 6.50 1.47
.23
.93
.63
.42
15
.03
.00
.00
.00
.00
.00
.00
.00

3.6y ¢ 7.22

5.0 7.90

7.5 8.85
10.0 9.60
15.0 10.68
20.0 11.36
30.0 11.70
40.0 11.40
50.0 10.52
60.0 9.15
70.0 7.36
75.0 * 6.25
80.0 5.22
85.0 * 4.00
9.0 2.80 0.00
95.0 1.49 0.00 :
100.0 0.12 0.00 i

—

MU a2

L AR UMCAEEE
o (=] o o o o [=] (=] o o o o o

.00

* = added station S
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coordinates not only make the numerical profile more continuous, they

also provide the proper geometry for PANAIR by making all panels

quadrilateral (a necessary condition unless special precautions are
taken).

The overall PANAIR numerical models used for the WIG calculations
are shown in Figures 5 and 6. Figure 5 shows the configuration with no
flap deflection and Figure 6 shows a 15 degree flap deflection. The
models consist of source and doublet networks on the upper and lower
wing surface, upper and lower flap surface, the trailing edge and the
endplates. Wakes are modeled by flat doublet networks extending down-
stream from both the wing and endplate trailing edges parallel to the
ground for 50 chord lengths. The trailing edge of the flap does not
come to a point, so wakes have to be extended from the upper, lower and

side edges of the flap's trailing edge. The endplate is modeled so

>
’.ﬁ

that its bottom is always parallel to the flow regardless of the wing's
angle of attack. This geometry corresponds to that used during the WIG

i wind tunnel test (2). The altitude parameter h/vVs is measured from

the bottom edge of the endplate (cases with endplates) or the wing
trailing edge (cases without endplates). This difference in measurement
is due to the fact that h is defined as the minimum structural

clearance height from the ground plane (2).

The spanwise panel distribution used on the models is selected on
the basis of discussions with Flight Dynamics Laboratory personnel who
had previous experience with PANAIR in making out of ground effect
calculations with wing alone and wing/body configurations. Starting fg-;

; at the wing centerline, chordwise stations are located at each 20 AERR

12
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percent span position out to 0.6 semi-span. From the 0.6 position
outboard to the wingtip, chord stations are located at every 10 per-
cent of the semi-span. This panel distribution increases the panel
density at the wingtip, providing better resolution at the wingtip
region where greater flow field changes are occurring. A total of 357
quadrilateral panels in 6 networks are used to define the wing semi-
span surface which is used to make the aerodynamic calculations. An
additional network containing 40 panels is used to define the endplate
for cases with an endplate.

Modeling the flap deflection i: accomplished by placing the pivot
point of the flap at the 75 percent chord point on the wing lower
surface. Figure 7 shows the flap deflection modeling scheme. The
profile of the flap is maintained for all flap deflections. A single
panel adjustment is required between the wing-top and flap-top
networks to assure that no gaps occur between the two networks. For
each flap deflection the endplate network is modified to insure
abutment between the endplate and the lower surface of the flap.

Ground effect is simulated by the image technique. A similar
model is positioned opposite to the primary computational model with
the plane of symmetry representing the ground position. The image
technique was also used for the WIG wind tunnel test.

Modeling the WIG configuration presents problems unique to this
type of configuration. Each angle of attack, flap deflection, height
and endplate configuration produces a unique set of points defining
the model. On many non-WIG models, the angle of attack is inputted

and PANAIR handles the network model orientation. For this WIG

13
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configuration, the requirement that the bottom of the endplate be
parallel to the flow indicates a more involved approach. The modeled
networks must be rotated to the proper angle of attack prior to in-
putting the points into PANAIR. This requires a recalculation of all
panel coordinates to their proper orientation. The angle of attack
then inputted to PANAIR is O degrees, but the WIG model is actually at
a specified angle to the flow. Compounding the angle of attack problem
is incorporating the flap deflection and placing the configuration at
the proper altitude. A computer program was written to incorporate

the various parameter changes. Aspect ratio, angle of attack, flap
deflection, altitude and endplate option are inputted, and the program
orients the selected configuration to the proper angle of attack and
altitude, and produces a data file for input into PANAIR. This
different approach for WIG models should be a. consideration in any
future study efforts. Results of this study indicate that modifications
to standard panel modeling procedures may be necessary for some WIG

configurations.
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V. Results and Discussion

The primary purpose of this investigation is the correlation of
computed aerodynamic data versus experimental results for a low aspect
ratio WIG configuration. The most significant parameter examined in
the wind tunnel test was the l1ift/drag (L/D) ratio, which is a measure
_of efficiency. The test variables were selected to gain some under-
standing of the effects of endplates and flap deflection of L/D. This

computational study duplicated the parameter variations to determine

the numerical results for the same configurations.

The numerical PANAIR L/D results could not be directly compared
to the experimental data due to the fact that PANAIR is an inviscid

solution code. When computing the drag coefficient, PANAIR does not

MRS ) (A

incorporate form drag. Thus the total drag coefficient to use in L/D

calculations is: .
Cp = Cpo * Cp panarR (3) W

The value of CDo is determined from CL versus CD plots for the aspect :ji?
ratio two wing out of ground effect with and without endplates. The 1
plots are presented in the wind tunnel test report (2). For the wing .l
without endplates, CDo = 0.01. With endplates, CDo = 0.011. These -
values are incorporated into the calculations to determine the PANAIR ;:
results. 3
The altitude parameter h/Vs is presented in the wind tunnel test ~ n;
report for design considerations (2). As previously noted, h is the f;g
minimum structural clearance height and s is the total wing area. The };@5
-
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report assumed that a wing area and altitude would be predetermined
by design conditions.

The numerical computations for this investigation are run at a
Mach number of M = 0.30. This Mach number corresponds to the
Reynolds number of 2.55 x 106 (based on wing chord) used for the wind

tunnel tests.

Wing Without Endplate Computations

Aerodynamic calculations are initially performed on the aspect
ratio two wing without endplates as a check case. PANAIR calculations
on other wing and wing/body geometries had produced excellent theory
to experiment correlation for out-of-ground effect cases (3, 9, 10).
However, the usefulness of this method for in-ground-effect predictions
was unknown. Some basic limits of applicability needed to be established
for a relatively simple case prior to examining the more complex -
configuration of a wing with endplates and flap deflection. ‘

No Flap Deflection. Figure 8 shows the 1ift coefficient versus

Biuw

angle of attack for different aspect ratio wings without endplates. .
The flap is not deflected for these cases and the wings are out of
ground effect. It can be seen that the PANAIR results show a fairly
good correlation with the experimental data, especially for the aspect
ratio four wing. For the primary configuration (aspect ratio two), the
difference in 1ift curve slope is approximately 5 percent. These 1331
calculations are useful in indicating an approximate accuracy estima- -,;
tion for the PANAIR results.

Figure 9 is a comparison of theoretical and experimental L/D

values for the aspect ratio two wing without endplates and zero flap P—
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deflection as a function of wing altitude above the ground. The
results show good theory to experiment data correlation down to an
h/Vs value of 0.04. Problems begin to occur in this region-and are
believed to be caused by the close proximity of the actual and image
model wakes. Similar trends toward underprediction of L/D gain as the
ground is approached are noted at both zero and two degrees angle of
attack.

Examining the L/D and CL variation with éltitude at a given angle
of attack is also useful in assessing the accuracy of the computed
results. Figures 10 through :l present both theoretical and experi-
mental L/D and CL results for zero and two degrees angle of attack.
The data shown in these figures along with Figure 9 show that PANAIR
does very well for the wing without endplates or flap deflection.

With Flap Deflection. Additional calculations are made on the

wing without endplates to determine what effect flap deflection would

have on the numerical results. This is done in an attempt to separate
the effects of the flap and endplate on the computations. The effects
of each could then be observed.

Figure 14 shows the theoretical and experimental L/D versus CL
values for the aspect ratio two wing without endplates and a 15 degree
flap deflection. It can be seen that as the ground is approached, the
theoretical results begin to deviate from experiment. Close to the
ground, PANAIR underpredicts both 1ift and drag on the wing. The 1ift
coefficient underprediction is believed to be caused by the pressure
build-up which occurs under the wing by the deflected flap "trapping"
the air. Figures 15 through 17 indicate the underprediction of CL.
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The differences in drag coefficient are believed to stem from the wake
model used. The model wakes extend from the trailing edge of the

flap paraliel to the ground. Initially extending the wakes at the same
angle as the flap deflection and then turning the wakes parallel to

the ground may improve the computational results. Close to the ground,
however, problems may occur regarding the clearance between the model

and image wakes. (A modified wake model could not be incorporated into
the calculations due to time constraints.) As an aid in determining
when model modifications may be necessary, Figure 18 shows the percentage

of error in L/D versus h/Vs for the data of Figure 14.

Wing With Endplate Computations

A wing with endplates is the classical WIG configuration that has
been tested on many prototype vehicles. The endplate used in this study
has a depth ratio (d/c) of 0.10. The depth of the endplate d is
measured from the trailing edge of the wing with no flap deflection
and is indicated in Figure 1. The endplate serves to restrict the
spanwise flow below the wing, and is the only aerodynamic difference
between the wing with endplates and the aspect ratio two wing alone
which was previously discussed. This difference did, however,
significantly affect the PANAIR/experiment 1ift coefficient and L/D
data correlation.

No Flap Deflection. For the wing with endplates, the initial

calculations are again made to examine the 1ift curve slope for
different aspect ratios out of ground effect. Figure 19 shows the
theoretical/experimental data comparison. The theoretical results

deviate to a much greater extent than for the wing alone. These results
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are an immediate indicator that a much greater error should be expected
in the ground effect calculations involving the endplate. The data
differences appear to have a dependence on angle of attack. At zero
degrees, the computational results compare favorably with the
experimental data. As the angle of attack increases, the computed
values deviate, leading to large errors in the 1ift curve slope. The
wake model changes noted previously would probably improve the compu-
tational results, but additional effects from the endplates must be
considered. During this investigation, related studies were discovered
which indicated that an additional lateral disti.-~tion of the wing wake
between the endplates occurs (11), and vortices are present outside

the endplates (12). Again due to time constraints, these model improve-
ments could not be incorporated in this initial investigation.

Figure 20 compares PANAIR and experimental results for the wing
model with endplates but no flap deflection. As the data shows, PANAIR
predicts.L/D values reasonably well down to an h/v's value of 0.08 at
zero degrees angle of attack. As the angle of attack is increased,

however, the PANAIR method underpredicts L/D improvement near the ground

by as much as 33 percent at four degrees angle of attack and h/Vs = 0.04.

This level of error is unsatisfactory when attempting to estimate
vehicle performance, and the reasons for its occurrence require
examination.

Plotting CL versus h/vVs for the endplate configured wing again
provides an indication of the problem. Figures 21 through 23 show the
comparison of these values. As shown, the 1ift predictions made using

PANAIR deviate considerably from the measured data at increasing angle

19
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of attack and as the ground is approached. An explanation for this

-WQ' difference is the inability of the PANAIR code to handle the wing with
endplate problem without appropriately modeling the jet-like slot flow
issuing from between the bottom of the endplate and the ground. The
velocity of this jet gets stronger as the ground is approached because
of the build-up in static pressure under the wing. This leakage flow
separates from the bottom of the endplate and rolls up into a vortex
some distance downstream from the wing. These additional vortices (one
at each wing tip) are not accounted for in the numerical model, and

ucpending on vortex strength, could be a contributing factor for the

significant underprediction of 1ift and drag near the ground.

With Flap Deflection. The addition of flap deflection to the wing

with endplates provides the most complex configuration examined in this

.; study. It could thus be expected that considerable error might occur ..._
in the calculations. PANAIR aerodynamic calculations for the aspect
ratio two wing with endplates and flap deflections of 5 and 15 degrees
are presented in Figures 24 and 25 respectively, compared with the ;;:
experimental data. The trends of the theoretical results for both
flap deflections follow that obtained for the basic wing with endplates
in that 1ift and L/D are underpredicted as the o-ound is approached. oo
The problem of two troublesome parameters (endplates and flap
deflection) serves to worsen the amount of error. The L/D error with
endplates, 15 degree flap deflection, four degrees angle of attack and
h/Vs = 0.04 is 38 percent, versus 31 percent for the same configura-

tion minus the endplate, and 33 percent with the endplate but without

a flap deflection. Figures 26 and 27 show the percentage of L/D error o
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versus h/Vs for the two flap deflections. Comparison of the two A
figures shows the increase in error as the flap deflection increases. Ty
The flap deflection contributes to the wake distortions behind the
configuration. It becomes evident that wake distortion and endplate f;},4
vortex effects must be incorporated into the modeling scheme if the .

accuracy of the PANAIR results is to be improved.
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VI. Conclusions and Recommendations :}?S
PANAIR calculations of 1ift coefficient and L/D ratio for an f%f:
i aspect ratio two wing without endplates operating in ground effect iifg
% compare favorably with experimental results down to a ground height ;Eg;
b of approximately h//s = 0.04. However, the addition of flap deflection ?Jfﬁ
_ and/or endplates must be handled by modifications to the numerical 'f
E model. When endplates are added, PANAIR aerodynamic estimates begin ;zii
h to diverge from experimental results at a ground height of h/Vs = 0.08 "“:
F (a wing height of approximately 20 percent wing chord). Flap deflection E';ﬁ
. causes additional error in the computational results. The discrepancies :;ji
.i between theory and experiment are believed to be caused in part by not ::f:?
modeling the jet flow between the endplates and ground plane and the :iji
wake displacements which occur. In addition, 1ift underprediction by . {;ff
PANAIR for a wing with endplates can be associated with the higher ::::
pressure air "bubble" that occurs and is not accounted for in the ;;Ej
inviscid numerical solution. More accurate theoretical results may be E;ﬁf
achieved by revising the PANAIR modeling scheme to include wake tth
distortion and vortex effects. Care must be taken concerning angle B
of attack and wake network clearance when modeling WIG configurations
for PANAIR to avoid numerical errors from those sources. ;~4<
It is recommended that any future efforts attempt to remedy the 3
modeling deficiencies revealed in this initial study. Improved wake T ;
and jet flow models may provide greater accurancy for the PANAIR fﬁf}
method. The wake models should incorporate the physical distortions .
that occur behind the WIG configuration. These include lateral distor- 5‘ %

tions and wake angle off of the WIG trailing edge due to angle of —

22
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attack and/or flap deflection. Modeling the jet flow issuing from
beneath the endplate may be accomplished by incorporating an additioﬁil
network into the WIG modeling scheme. The jet flow rolls up into a
vortex behind the endplate (12), and adding a vortex-shaped network
could be an initial step in accounting for the flow effects
experimentally observed.

Other parameters not examined in this analysis such as WIG
stability and aerodynamic moments may also be compared with experimental
data. Additional comparisons could be made regarding the image
technique solution versus numerically modeling the physical ground
plane. Although PANAIR is generally considered more insensitive to
paneling density and distribution, this assumption may not be correct
at ground effect altitudes. Comparison of different paneling schemes
should be examined to determine the validity of PANAIR insensitivity
for WIG configurations. Modeling schemes which are accurate for
relatively simple configurations might then be applied to more complex
WIG vehicles for aerodynamic prediction accuracy. Much investigation
and study in this area remains before numerical WIG vehicle modeling

can be applied with confidence.
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